Abstract The objective of the present study is to quantify the position of the Centre of Mass (COM) during quiet standing using a force plate and compare this technique to the quantification of the COM with an anthropometric model. The postural control of 18 healthy adolescents and 22 IS patients was evaluated using an Optotrak 3D kinematic system, and two AMTI force plates during quiet standing. The position of anatomical landmarks tracked by the Optotrak system served to estimate the position of the COM of both groups using an anthropometric model (COM anth ). The force plate served to estimate the position of the COM through double integration of the horizontal ground reaction forces (COM gl ). The mean position and root mean square (RMS) amplitude of COM gl, in reference to the base of support (BOS) and the first sacral prominence (S1) were quantified in the Anterior-Posterior (A/P) and Medial-Lateral (M/L) directions. There was a significant difference between the control subjects and IS patients for the displacement of the COM gl in reference to the BOS in both the A/P and M/L directions. There was no difference between groups for the mean position of the COM gl , however, 63% of the IS and 43% of the controls had a lateral position of the COM gl in reference to S1 of greater than 5 mm. There was a significant difference between groups in the A/P and M/L directions for the amplitude of error between the COM gl and COM anth techniques.
Introduction
Idiopathic Scoliosis (IS) is a unique multi-faceted pathology that progresses during periods of rapid growth and development [8] . In addition to the complex 3D curvature of the spine, vertebral [26] and thoracic [5] deformation, postural asymmetry [7] , dysfunction to the proprioceptive [3, 16] , vestibular [14] , vestibulo-spinal systems [23] , and postural equilibrium [19, 22, 23] have been implicated in the characterization and etiology of this pathology. It is evident from this body of work that further research is required to enhance current understanding of the loads that are distributed on the spine and how the central nervous system controls the distribution of these loads.
Estimating the position of the centre of mass (COM) has been performed on live subjects using magnetic resonance imaging [21] , cross section estimation [11] [12] [13] with stereophotogrammetry, geometrical modeling [29] and in cadavers [6] . These techniques have been utilized to provide estimates of the segment mass proportions and COM relative position on a body segment. This information is essential in mechanical models that estimate the net muscle moment acting around a joint, and in gait and balance studies that calculate whole body COM displacement [9, 15, 27, 28] . However, it is important to recognise that segment proportions change between 4 and 20 years old [13] , and only a few studies have focused on the estimation of anthropometric parameters specific to an adolescent population [11] [12] [13] . These studies have not directly included IS patients in their models, and therefore the influence of poor postural alignment on estimating the total body COM is not known. Since the spinal deformation of IS progresses from childhood through adolescence and is accompanied by a disturbance to postural alignment [7, 10, 20] and the neuromuscular systems [3, 14, 16, 23] , it is necessary to optimize the estimation of the COM position and displacement during quiet standing. An accurate estimation of the position and displacement of the COM in relation to individual spinal segments may provide further insight into the mechanical factors that contribute to vertebral wedging and the progression of IS. A technique to estimate the position of the COM from the forces measured from a force plate has been proposed by King and Zatsiorsky [17] . Referred to as the ''Gravity Line'' (GL) [30] , it was validated in adult subjects [31] and is not affected by body sway characteristics during quiet standing [17] , or anthropometric estimation errors [18] as with other techniques [1, 2] . This technique has potential to be a valuable clinical option to accurately assess the time and frequency characteristics of the COM in IS patients. The objective of this study is two fold. The first objective is to estimate the position of the COM using the GL (COM gl ) technique, and characterize the position and displacement of the COM gl in adolescent IS patients and control subjects. The second objective is to compare the amplitude of error associated with the estimation of the COM from an anthropometric model (COM anth ) in reference to the COM gl technique.
Methods

Protocol
There were 18 adolescent female control subjects (age 11 ± 2 years, weight 39 ± 11 kg, height 1.44 ± 0.13 m) and 22 IS female patients (age 12 ± 2 years, weight 42 ± 12 kg, height 1.48 ± 0.11 m, Cobb 21 ± 14°) evaluated in this study. In the IS group, eight subjects had a double curve, seven a thoracolumbar curve, and seven a thoracic curve. Each patient read and signed an information and consent form approved by the Research Center's Ethic's committee. The postural evaluation included the identification and marking with a water-soluble marker of 17 anatomical landmarks, located on the base of support, lower-extremities, pelvis, thorax, shoulders and head. The subjects were then evaluated for four trials in a quite standing position, 2 min for each trial, with adequate rest between each trial. An Optotrak system obtained the 3D position of the infrared emitting diodes placed on the anatomical landmarks (sampling frequency: 20 Hz), and 2 AMTI force plates (sampling frequency: 20 Hz) captured the forces and moments under each foot.
Centre of Mass
Two models were used to estimate the position of the COM. The first method (COM gl ) estimates the anteriorposterior and medial-lateral position of the COM from force plate data based on a ''zero-point to zero-point integration technique'' [17, 31] . This technique is based on the assumption that when the horizontal force is equal to zero, the horizontal position of the COP and the COM coincide. By defining when the horizontal force is zero, the initial integration constants may be set, and a double integration of the horizontal force may be performed to estimate the position of the COM [17, 31] . The second model (COM anth ) was based on anthropometric data proposed for children [11] [12] [13] of similar age to the population in the current study. This anthropometric data takes into consideration the location of the COM on a segment and its proportion of mass in relation to total body mass. The model included bilateral legs, and arms, trunk and head. Table 1 describes the anthropometric parameters used to define the model [13] . Equation 1 was utilized to estimate the position of the COM based on these proportions.
where m 1 , m 2 represents the relative mass of each segment, x 1 , x 2 , represents the position of the segment COM relative to an arbitrary point, and M represents the total mass of the subject. 
Data analysis
The positions of the COM gl and COM anth, were expressed in relation to the center of the base of support (COM gl-BOS , COM anth-BOS ), where the medial and lateral maleolus of the right and left foot defined ankle joint centers. The mean position of the right and left ankle joints defined the geometric centre located within the base of support. The COM gl was also calculated in reference to the first Sacral Prominence (COM gl-S1 ). For each trial, the mean position (mm) and amplitude of displacement (Root Mean Square: RMS, in mm) was calculated for COM gl-BOS and COM gl-S1 . The difference between COM gl-BOS, COM anth-BOS was also obtained, and the mean absolute difference (MABD), the Root Mean Square Difference (RMSD) and maximumminimum or range of difference (ROD) was calculated. The mean position, RMS, MABD, RMSD and ROD for each of the four trials [4] was averaged together for each subject and was then used to calculate the population mean and standard deviation (SD). Three series of comparisons were made. The first two compared COM gl-BOS and COM gl-S1 mean position and RMS between IS and controls, and also between single and double curves. The third series compared between the IS and controls the MABD, RMSD and ROD obtained from the difference of the two models. To determine the difference between groups, an independent T-test was used with Bonferroni's correction for multiple comparisons.
Results
Position and displacement amplitude of the COM gl in reference to the base of support
The COM gl-BOS was positioned anteriorly to the anteriorposterior (A/P) ankle axis for both the control and IS subjects by a mean 28. 
4).
Position and displacement amplitude of the COM gl in reference to the first sacral prominence
The COM gl-S1 was positioned anteriorly to the first Sacral prominence by a mean of 65.4 mm (CI: 58.1-72.5 mm), and 62.3 mm (CI: 54.6-69.9 mm), respectively, for the IS and control subjects. In the M/L direction, the COM gl-S1 was biased slightly (-1.5 mm, CI: -5.7 to 2.2 mm) for the IS patients and also for the control subjects (0.9 mm, CI: -1.9 to 3.8 mm). Ten of the eighteen subjects had a lateral shift of COM gl-S1 in reference to S1 of plus or minus 5 mm, six subjects between 5 and 10 mm, and two subjects between 10 and 15 mm. For the scoliosis subjects, 8 of the 22 subjects had a lateral shift between plus and minus 5 mm, 8 between 5 and 10 mm, 4 between 10 and 15 mm, and two between 15 and 20 mm. When categorized according to single or double curves the single curves had a significantly larger lateral absolute shift of COM gl-S1 than the control subjects and the double curves, with no difference between the double curves and the control subjects (P \ 0.05) (see Fig. 1 ).
In the A/P direction, the RMS amplitude of the difference between the COM gl and S1 was significantly larger (P \ 0.05) for the IS (2.4 mm, CI: 1.7-3.2 mm), than for the controls (1.2 mm, CI: 0.99-1.4 mm). In the M/L direction, the RMS of the difference between the COM gl and S1 was not significantly different between groups. The IS had a mean RMS difference of 1.6 mm (1.1-2.0 mm), and the control subjects a mean difference of 1.2 mm (1.0-1.4 mm).
Difference between models
The MABD, RMS, and ROD between the COM gl and the COM anth is presented in Table 2 . In the A/P direction, there was a mean bias between the COM gl and the COM anth which was significantly different between the IS and control subjects at 11. mean difference between models was 3.5 mm (CI: 1.4-5.7 mm) and 3.8 mm (CI: 2.0-5.8 mm) for the control and IS subjects. However, the two groups demonstrated amplitude differences that changed over the 120 s period, which was reflected by a significant difference in the RMS of 0.5 mm (CI: 0.4-0.5 mm), and 0.8 mm (CI: 0.6-0.9 mm) (Fig. 2) .
Discussion
The objectives of this study were to apply a force plate based technique to estimate the position and amplitude of displacement of the COM in adolescent IS and control subjects, and secondly to evaluate the amplitude of error between this technique and the COM estimated by an anthropometric model. There was no difference between groups for the mean A/P position of the COM gl in reference to the base of support or the first sacral prominence. In the M/L direction, a lateral position of the COM gl-BOS, was common, where 66% of the control, and 72% of the IS subjects had a lateral deviation of the COM gl-BOS of greater than 5 mm. This was also true for the COM gl-S1
where, 63% of the IS subjects, and 43% of the control subjects had a lateral deviation of greater than 5 mm. A categorization of subjects according to the curve type revealed that single curve subjects have a greater lateral COM deviation than control or double curve subjects. The location of the total body COM reflects the position and orientation of individual body segments as well as the distribution of mass within and between these segments. There are a number of factors attributed to skeletal alignment which may affect the IS and control subjects differently. In the adolescent population there is a large variability in the degree of kyphosis, lordosis, and sacral tilt, which could have a significant impact on the A/P position of the COM. In the M/L direction however, lower leg length inequality, or muscle imbalance may contribute to pelvic obliquity, and possibly an imbalance in the M/L position of the COM. In the IS population, deviation of the spine has been accompanied by additional postural abnormalities which include thoracic deformation and disorientation [24] , and shoulder or shoulder blade rotation [7] . Since these postural abnormalities are specific to the level and apex of the curvature, the effect on the overall COM may be different, as seen in the thoracolumbar and double curve patients in this study.
The IS subjects also had a greater RMS displacement of the COM gl--BOS in the A/P and M/L directions. The amplitude of body sway in IS patients, as well as adolescent control subjects has been previously evaluated. These studies have underlined that IS patients, do have different sway characteristics than control subjects [19, 22, 23] , most notably by an increase in the RMS of A/P and M/L COP excursion under normal and altered sensory conditions [22] . However there are a couple of points important to highlight. Firstly, body sway has often been used synonymously with the movement of the COP as measured by a force-plate [19, 22, 23] . However, the COP and the COM are two distinct variables [9, 15, 27, 28] . The COP is an active variable, which reflects the net output of the central nervous system, and is the variable that has been identified to control the movement of the COM [9, 15, 27, 28] . The COM is a passive variable affected by segment position, and mass distribution within each segment. In this study the RMS amplitude of the COM gl-S1, was greater for the IS subjects than the control subjects. This difference may reflect an active strategy employed by IS subjects to assist in the equal distribution of forces on the spine. In the M/L direction, there was no difference between groups, with upper bound confidence limits of 2.0 mm, and 1.4 mm for IS and control subjects. If taken into context of a patient or control subject who has a lateral deviation of COM gl-S1, of greater than 5 mm, it is hypothesized that there is a large potential for asymmetrical distribution of forces on the vertebral body. Asymmetrical distribution of the forces on Fig. 2 The COM gl, and COM anth in the AP direction for a typical IS patient a vertebral body has been associated with wedging or deformation [25] . However, a more detailed study is required to accurately situate the position of the COM above each vertebral level, and evaluate its position and amplitude of displacement during quiet standing. The mean difference between the COM gl and COM anth, techniques revealed a relatively large bias in the A/P direction of 11 and 16 mm for the IS and control group, respectively. The amplitude of error between models, was different between groups (mean 5 mm difference), which is approximately 2.5 times larger than the observed difference between groups (2 mm) for the same model. There was also a significant difference for the RMSD between models in both directions. This error accounts for 15 and 70% of the difference between groups in the A/P and M/L directions respectively. This may be attributed to a greater movement of the true position of the COM in IS patients as estimated by the COM gl , which is more difficult to accurately locate and track with an anthropometric model. Although multi-segment models have been proposed [29] the most pertinent model chosen for this study was that proposed by Jensen [11] [12] [13] . This choice was principally based on the changes in segment mass proportions that are different between adolescents and adults. The mass proportions that are most notable to change between 4 and 20 years, is the head (20-6.8%), and the arms, and legs which can change from 2.6 to 3.7% and 7.5 to 11.5% respectively [13] . However, despite a more population specific estimation of the segment mass proportions, the amplitude of the error associated for both populations is approximately 100% of the range of COM gl in the M/L direction and 33% in the A/P direction. The amplitude of this error will significantly decrease the sensitivity and sensibility of the anthropometric model to detecting differences within and between populations. The measurement errors associated with an anthropometric based model include the choice and identification of anatomical landmarks, the precision and accuracy of the kinematic tracking system utilized, the definition of representative body segments by these anatomical landmarks, the assignment of appropriate body segment masses, and the radius of segment COM to each segment. The accuracy and resolution of the Optotrak system used in this study was approximately 0.1 and 0.01 mm respectively, which represents less than 1% of the COM gl-S1 range in the ML direction, and therefore seen as a minor source of error in the model. Anatomical landmark detection through surface palpation is a common technique used in posture and gait studies. Inter-rater and test-retest reliability was evaluated in a population of healthy elderly and pathological patients, and found to be acceptable for the COP-COM variable [4] . Within the context of evaluating IS patients the most significant source of error is considered to be the definition of the COM of the trunk segment. The trunk represents approximately 42% of the total body mass, and therefore has the largest impact on the total movement and position of the COM. In addition to a deformation of the thoracic cage, a rotation or tilt accompanies the shoulder girdle and pelvis [7] , which will significantly affect the mass distribution. Since, the axis of rotation of these deformations is not in the center of each segment, and the postural deformations are specific to both the amplitude and the type of IS, the error implicated with an anthropometric model will be unique to each type of IS patient.
The primary advantage of utilising the ''gravity line'' technique to evaluate IS, and adolescent controls is that it provides an accessible means of estimating the position of the COM in a clinic that has access to a force plate. Since it does not require landmark detection, or the placement of opto-electronic markers, the preparation time for the patient is decreased significantly. This technique could be combined to estimate the position of the COM and compared simultaneously with 2D or 3D radiography. This provides a means of directly comparing vertebral position, in relation to the COM, and provide the basis to address the question of vertebral wedging and its association with the progression of IS. Future work should focus on estimating the position of the COM in a larger cohort of adolescents with IS, with a sufficient sample size that will permit the comparison of different types of spinal curvatures and also severity. It is anticipated that this would provide new insight into potential mechanical variables that are associated with the mass distribution of the trunk with the progression of IS.
Conclusion
Using a force plate based technique, unique differences in the position and displacement characteristics of the COM were found between IS and control subjects. The estimation of the COM based on the ''Gravity Line'' technique represents a realistic approach for the estimation of the COM of IS patients and adolescent control subjects. The amplitude of difference between the COM gl and COM anth techniques in relation to these COM characteristics suggests that further research is required to optimise the estimation of the COM in adolescent and IS patients from an anthropometric model.
